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¢+ -~ - INTERNALLY. JINNED. HONEYCOMB RADIATORS -
By Arthur N. Tifford '

"SUMHAAY

Calculations are made of the performande of "several
internally finned radlators and a commprison with the per—
formance of conventional honeycemb radlators 1s made, If
fins are placed inside conventional—size tubing, ‘the hy—
draulic dlameter of the air passages 1s reduced and the
slze and the power expenditure of the radiator are reduced.
Calculations show that in a typlcal case the new radiator
can be designed with 55 percent less volume and will re-~
quire 18 percent less power expenditure than the conven-
tlonal radijator diseipating the same amount of heat., If
large tubes are internally finned in such a manner as to
obtain the same hydraulic diameter for the air passages
ag is used today, the pressure drop and the power expendi-
ture of radiators eah be markedly reduced, For example,
calculations show that the mew vradiator will regquire 20 -
pPercent less pressure drop and 18 percent lese power ex—
pendlture than the conventional honeycomd radiator of the
same volume digeipating the same amount of heat,

INTRODUCTION

The problem of designing the cooling installation in
an airplane involves & compromise between the size and the
power expenditure af the lnstallation, Many ethylene- .
€lycol radiators of various siszes and power costs will dis-
sipate the amount of heat required by 2 given engine with
& reasonable pressure drop, -Small radiators tend to re-—
quire large power expendltures; whereas large radiators
tend to require small power expenditures, Because small
radiators of lew power expenditure are desirable, geveral
methode of reducing the size of radiatore without adversely

.affecting the power expenditure have been investigated in

the past, Heducing the width of the liquid pPassage as
much as possidle has been found to be profitadle because
the same amount of cooling surface can thus be squeeszed
into a smaller volume, . a limit on the width of the liquid
pPassage is set by the clearance requirsd hy forelgn mate~
rials in the coolant, &another method of increasing the
amount eof caoling surface per unit volume is te reduce the
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diameter of” the  radiatdor tudes. ' .The.large number of tubes
required, however, brinss on manufacturing difficultles,
Present practice does not. permit. the use of radiator tubes
of less than 0.20 inch diameter.

Ii this paper: ‘the performdnce characteristics of sev-
eral radiators with internally finned tubes are calculated
and are compared :wlith -the performance characteristics of
conventional honeycomb radietors. The object of the paper
is to present. typlcal results to be expected from the use
of internally finned radiatore. .

.
v .. - -~

:J~3-“AELLYSIS OF TEE PnOB EF

CEdiredt - method of reducing.the size of radiators that

S ¥ very promising 1s the placing of fins inside and along
.;:the complete. length eof . conventional. radiator tubing, Figure

D | ehove ‘'various arrangemente of fins in .the tubing. Internal
- . flnning 1e.an efficlent means of obtaining emall hydraulic

diametere for the air passages of .radlators without increas—

" ipg the number. .of tuhea that must be handled in the manufac-—
.turing Processés, - Internally finned radiatore have, mere-

_.over, definite advantagés ovér conventional homeycomb radi-
ators with the eame hyéraulie diameter ‘for the alr passages.

Severa1 factors explain the improved performance of

Anteraally finned radiators. " In the conventional ethylene—

glycol honeycemb radiator about 95 percent of .the resistance
to heat flow lies in. the beundary: layer on the air eide, In-
terial finnizg makes the thermal resgsistances on the liguid
and air eides more nearly ecual because the surface exposed
to the air is increased wifhout a change In thé surface on
the Iiquid sidé. The reduction of the total resistance to
the.flow of hHeat for a given amount of surface causes & re-—
duction in the dmeunt of surface required for a glven ‘heat
dipaipation. ‘One adveree offect occures because indirect
coaling eurfacee. ‘such ag thesge interna1 fine, operate at

-lower average ‘temperatures. than the ‘tube walls, Fin effec—

tiveness of approximately 95 percent can be obtalned, how-
ever, by uuing copper fine having width-to—thicknees ‘ratios

-of about 80.

Becauee the fine need be made oinly thick ‘enough to ef-

ficiently carry the flow of heat (thé fine do not have to

supply structural etrength to.the radiator). because each
fin contributee tvice as .much eooling~air surface per unit

of. metal. veieht nn ddrert aurface doeu. and because the
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amoufl "of “coolant carried .in the radiator 1: _reduced, the

welght of radiators can be- reduced by internal finning.
Furthermore, because of the fewer liguid pamssages and the
thinner metal used, the ratlio of ~open to total frontal

area of an internally finned honeycomd radiator is greater
than the ratio of open to total frontal area of a conven—
tional honeycomd radiator with the same hydraulic diameter .
for the alr passages, The greater open frontal area of an
internally finned radiator allows more air passages to
operate in parallel in a given frontal ared, Consequently,
the presiure drop required for cooling is less than the
pressuré drop required by .a conventional radiator,

SYMBOLS.

The following symbols, liested alphadetically, are
used in this repért. Consistent units are also given,

2h,

kmtf-

a quantity defined as

A total frontal area of radlator, square feet
As open frontal area of radlator, square feet

cp speciflc heat at constant presgure, Btu per pound
ver OF

Cp drag coefficlent of wing
C; " 1ift coefficient of wing
D hydraulic diameter of ailr passages, feet

D, hydraulic diameter of radlator tubes, feet
? fin gffectiveneis

b 4 free—area ratie, ratio of open frontal area to
total frontal area

ft free-area ratio, fins being neglected

fy friction factoy QB:E
4qL
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acceleration aof grnvity. feet per lecpnd per

s lecond

- surface .heat—tranafer coefficient. ‘Btw per second

per .quaro ‘foot per, °F

Nullelt numbor

heat—tranefe: coefficient from_aif to tube wall,
Btu per second per square foot per OF o

heat—tranefer coefficient from liquid to tube wall,
Btu per second per sguare foot ver oy

.quantity of heat dissipated per unit time, Btu per

second or horsepéwer

thermal conductivity, Btu per second per squére
foot per OF per foot

thermal conductivity of air at radiator entrance,
Btu per second ver square foot per OF per
foot

thermal cenductivity of metal, Btu per second
ver sgquare foot per OF per foot

radiator length, feet
number of flns

power required to force air threugh radiastor,
foot—-pounds per second or horsepower.

power required to support and propsl weight of
radiator, faot—pounds per second or horsepower

total power required by radlator installation,
foot—-pounds per second or horsepower

etatliec presesure, pounds per scuare foot

pressure drop acroes radiator, pounds ver square
foot

pressure drop dve to pkin frietlon, pounds per
square foot

dynamic pressure, pounds‘pgr square foot



1~492

9a

o AP
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dynamic pressure at radlator exit pounds per
square foot

A et LA - e

B v

thermal resistance on air lidé( 1 \
thermal resistanee on liquld =side el N
5,

gids of heza;onal tuke. fpet"

cooling surface, ipcluding fina, on air side,
equare feet - e e

cooling surface-of fine, square feet

cooling surface on liguid eside, sguare r;et
tube-~wall ‘thicknees, feeot

thickness of fin, feet

absolute temperature, OF

absolute atmospheric temperature, °F

absolute temperature of air at'radrator entrance, °F

absolute temperature of air at radiator exit, °F

absolute ligquid temperature, °F

-absolute wall temperature, Pi

open volume of radiator, neglecting finning, ouble feet
total volume of radlator, cubic feet
velocity, feet par second

veloclty of air at radiator entrance, feet per
second . P e

air-stream velocity, feet per_hecqnd

width of minimum allowvable passageway on liquid
side, feet



'wg  width of fin between tube walls, feet
¥y weight of fine, pounds

r veight of rediator vithout fins, poundl
oxit less ' -

243

(4 factor, epproximately 1.5, by which to multiply
‘radiater weight in order to account for addi-
tional regquired airplane structure

p alr density, slugs per'cubic foot

Py 8air density at radiator entrance, slugs per cudie
foot-

pi velght density of fine, pounds per cubic foot of
open volume of tubes ’

Py codlant density, pounds per cubic fcot
-pi metal welght density, pounde per .oudbilc foot

Py velght deneity of.radiator without: fins, pounds
per cubie foot of epen volume of tubes

-
-

punmnping efficiency of duct eyetem
Ny . heat—transfer efficiency

il coefficlent of viecoeity, slugs per foot per
' eecond .

By coefficlent of wviscosity of air at radiastor en-
trance, slugs per foot per second

HETHCD C¥ CALCULATICN

The procedure followed in the calculetione 1s esimilar
to the ‘procedure presented in reference 1 and has been
adapted to take into account the effect ef the thermal re-
sistance on the 1liquid side.

*"The power ‘expeénditure chdrgeableé 6 a wing or an engine—
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nacells cooling installation is the sum of the power re-
gquired to push the oooling air through the radiator and

.duot system and tha _power required t6 oarry the
rediator weight - R
Pt-"%n--rp"-é-o;'—a-otgp-vé(pri-pf)v (1)
P p :

where, froam reference 1,

'l'\t "_

) w = I

+ (2+!‘" 'n,; (2)
i T,

The heat dissipation is

H = gpiV,A,0p(Ty - 1;:.) N¢ (3)
where - .
ﬂt:——-—-—-—--l-e VlopgT
w=-Th
or

ST

Ny

0,V ,D\~0+3
. -4(0.0247)( )
Sl-0 B

in the turbulent region.

The temperature difference Ty = T; 1s a funotion of
the thermal resistance on the liquid side 1n internally

finned radiators. The ratio of the thermal realstance on
the two sides is .

By _ 8aha
- " . VA Y v b, s RNy

and, therefore. the avallable tamperature d:l:t‘ferenoe with
100-percent effeative fins is

- T;-T;

Sghg
8,0,

T+ T,
1+
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Actually, the fin effectivensas is (rererenco 2)

'ba.nh-é-._ -

Ef - awp

where

w, is tbe £in w:lglth betwaen tube walls. The over-
all eéectivenedn of the aooling surface an the air side
is the sum of the fin surfaoce mmltiplied by the fin effec-
tiveness and the dlireot cooling surface divided by the

bpBp + 83 '\
total emount of surface on the alr side - .
. H . - a
The available temperature differance is, therefore,

T -'1' 8 . - . s
By - T, ‘s‘sfgg:‘ ()
1+_E'.l:9.
" Bghy.

The detailed oaloulation of the- performance of in-
ternally finned radiators is- outlirsd in the appendix.

\

DI SCUSSION

Typical resul‘bs. obta.inabls- 'by the use of mternally
finned radiator tubes are represented in table I and fig-
uree 2, 3, and l; by the values for rediators C, D, E, and
Fs Figure 2 shows the effeot of imcreasing the relative
thermal resistance on the liquid @ide. . Bach point corre-
sponds to a radiator dissipating 1000 harsepower and having
a frontel area of l; square feet, an air passage length of
6 inohes, and a hydraulic’diaméter of 1/12 inoh. These
radiators differ only in the asmount of" indirect cooling
surface used on the air side. .The mumber of fins is a
measure of the amount of indireot cooling surface. The .
ourves of figure 2 indicate that most of the gains deriv-
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able from internal finning without a change in the hydraulie
dlameter of the alr passages are obtained by the use of -
three fins (radiator D, .table I). In this case the power-
expenditure is reduced by 23 percent and the pressure drop
1s reduced by 40 percent. If radiator D were designed for
the same pressure drop-as radiator B (tadle I), the frontal
area would be reduced 26 percent. ..

Yhen small hydraulic diameters are used for the air
passages of radiators, small volumes and small pover ex—
penditures are obtained,” In practice, manufacturing diffi-
culties associated with the large number of tubes reguired
by the conventional honeycomdb radiator restrict the minimum
slze of the tube dlameter to about G.2C inch. 3By the. use-
of internal finning, -however, small hydraulic diameters can
be obtained for the-air passages without increasing the
numnber of tubes. The curvee of figure 3 3llustrate. how- in-
ternal finning reduces the size and pawer expeanditure of
the installation. "Figure'4 shows that an increase in pres-—
sure drop 1s assoclated with a 653~pércent reduction in
radiator size. By a reduction in the radimtor volume of
26 percent instsad of 65C percent and by the use of & hy-
draulic diasmeter of 1/8 inch for the air passage, rll thrae
significant factors - the radiator volume, the powver ex—
penditure, and the pressure drop - would be reduced.

A comparison of the “erformances of rediatore 0. and D .
(table I); which aiffer: physically ‘only in that .the, fins
of radlator C-are twice ag thick as the fins of radiator D, -
emphaslzes the fact that there--exist limitations .on the .
fin thickness other than- welght alone. Radiator €, yith
the heavier finas, requirss a’ higher pressure drog end 8.
higher internal power expenditure than radiator because.
the l-percent increase in over-all cooling-~surface effec—
tiveness 4n radiator 0, as compared with radiator D, does
not ‘nearly compensate for the b-percent reduction in spen
frontal area cauksed by the doubly thick fins. The.point
to ve emphasized is that the use of thicker fins does.not
necessarily mean that the required ‘Pressnure drop and the
pPover required to push the.cooling air through the radia-—
tor will be reduced, )

4 large number of practical arrangements of internal
fins exists. The hydreulic diamaters for some of these
are given in figure 1. Arrangements such as (c).or (f)-
in figure 1 are inherently better tlhermally than (b) or
(e), resvectively; that is, for a 'given weight of finning,
8 higher fin effectiveness is obtained, The hydraunliec
diameters are, however, more than 10 percent larger and
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the amounts of cooling surface are consequently 10 nercent
sxaller. If all factore are considered, the over-all per-
formance of installations finned like (e) as compared with
(b), or like (f) as. compared with (e), will differ negli-
€1lbly when the alr flow is turbulent

As the hydraulic diameter of the alir passages decreases T
wvith increaped finning, the operating Heynolds number de— =
creases. Thus, it becomes posalble to aperate in the tran«~- }3
sition range between laminar . and turbulent flow or even
at Reynolds numbers corresponding to completely laminar
flow. In such cases small -angles-between ‘fins are to be
avoided because the laminar boundary layer will be extremely
thick in the sharp corners and the surfaces forming the
corners will accordingly have a greatly reduced effective-
negs ag far as. friction and heat. transfer are concerned. In
effect, the fins will cause an increase in the radiator
wvelght out of proportion to the increase in the heat dissi-

'pation per unit volume. of- radiator,

- CCNCLUSICHS

A large number of poseible arrangemnents of lnternal
fins for .radidtors exists, By the use of these internal
fins, the power expenditure ‘and the pressure drop required
for cooling can .he markedly .reduced. Inh one typical case
the new radiator is caleulated to reguire 2&" percent less
pressure drop and. 18 perceat. less power expenditure than
the conventional honeyocomb .radlator of the same volume
dissibating the same amount of heat.

* Internal finning can also be used to reduce the hy-
draunlic diameter of.the air passages. This reduction will
decrease the size and the power expenditure of radiators,
Calculations show that in a typical case the radiator with
internal finning requires .55 percent less volume and 18
percent less power .exvenditure thar the conventional radi—
ator having the same frontal area and-dieeipating the same
amount of heat.

Langley Hemorlal aeronautical laboratory,
Nationel Advisory Committee for Aeronauntics,
Langley Field, Ve,, October 17, 1941,
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APPENDIX
CALCULATION OF THE PERFORMANCE OF INTERNALLY FINNED RADIATORS

The procddure followed in the calsculation of the per-
formance of internally fimmed radiators 1: simllar to the
prooedure presented in reference 1.

For an assumed length and hydraulic diameter of the
alr passages, an approximate value for the operating Reynolds
number 18 estimated. The corresponding value of Busselt
number is found from heat-transfer data, such as the data
presented in figure 5. The heat-transfer ccefflolent
is determined and a first approximation to the fin effeo-
tivensss 1s obtained. The over-all effectiveness of the
cooling surfaces hoving been determined,.a first approxi-
mation to the available temperature difference T! - Ty
1s found from equation (4). The corresponding value of
PV, 1s found in figure 6, which has been plotted from
equation (3) for the turbulent region. (In the transition
and laminar regions, squation (3) must be used direstly.)
Reynolds number is now ocaléulated and a second value for
Nusselt number obtained, and the process is continued until
the same value of p V; is determined in two succesding
oaloulations. The pressure drop is now calculable from
equation (2) and the data of figure 7; the power expendi-
ture required i1s caloulable from equation (1).

This procedure 1s repeated for each assumed radiator
lengthe The power expenditure is then plotted against
rediator volume as in figure %,

The detdlls of the sea~level caloulations for the
following assumed nonditions are given in tadble I. Fig-
ures 3 end l, present the results graphiocally,

The ocoolant 1s 97 percent ethylene-glycol solution and
hexagonal tubes are used,

734 £ps (500 mph) _

h; = 0.20 Btu per Bseo-pé# sq ft 'per"°F.

L aq £t

0,005 1n. . o .

Vo

A

w = 0,028 in.




= 0.2, Btu per 1b per °PF
E = 1000 hp

@ = 0al
To = 460° + 73.5° = 533.5° F abs.
.'.l.‘-z=_'l|..60-°+ é9.06=7-50'°1?a-bs.-
p1=6961bperouft

26H~1

. +Pa= Pooppei = 555 1b per ou £t

ky = koopper = 0. 06055 Btu per sec per
) 8q £t per °F per ft

Np ‘= 100 pérognt

Allowance .bei..z;g made for complete adiabatio oompres-
sion ahsad of the radiator, the. following -quantities were
caloulated and used in the detailed calculationss

Ty =460 + 116 = 578° F abs.

Ty - T, = 173° F abs.

k, = 4.063 (10)" Btu per gec per.sq ft per °Ppor £t

p, =0. 00282 ulug per ou ﬁ:

By =0.409 slug per £t per seo

REFERENCES

1, Brevoort, M. J., and Leifer, M,: Radiator Design and
Installation. NACA A.C.R., May 1939.

2. Harper, D. R., 3d, and ﬂrm. W. B.: Mathematical
Equetlions for Heat Conducotion in the Fins of Air-
Cooled Engines, Rep. No. 158, NACA, 1923,



TABLE I.- COMPUTED VALUES FOR SIX RADIATORS

% MYy R yn R, Ty =T LN ) ap PD L v L wf_ Py PD + P'; vt
Ry, op o1 ;
(“F) ©p) “
<.17g/aq (1b/sq £t) | (hp) | (ft) (cu ££) { (16)] ab) | (np) (hp) (eu ft)
ft/sec) :
(a)
Radistor A: f%—in. hexagonal tubing, no fins, £ = 0.75, Ay = 3.00 sq £t, p,. = 87 lb/bu it
‘100 percent
Lo | o.L81 2h,600 } 0,287 | 0.0569 163,7 63.L | 0.658 54.0 50,0 0.833 2.50 222 j----] 29.6 79.6 3,3
50 .290 } 19,900 L7h] .ok83 | 165.1 78.3 .835 L5.1 3L.0 | 1.0l1 3,13 276 {~- - - zﬁ.e 70.8 Le16
60 3% 117,100 .5L7| .0L28 165.9 90.7 |1.021 L.2 26.8 1.250 2,75 330 {-- - - 2 71,0 5400
70 300 {15,300 .611] .0390| 166.5 101.7 | 1.219 38.7 2.4 { 1.458 L.37 386 |-~ - -] 514 7%.8 5.8l
Radiatoer B: Ié- . hexagonal tubing, no fims, £ = 0.470, A, = 1.88 sq ft, pp = 227 lb/bu ft
100 percent
60 | 0.LT5 8100 } 0.588 | 0.0675 |  1&2.0 95.3 |1.185 9L.8 5h.é6 | 0.7 0.78 181 }---—] 24.2 78.8 1.56
70 25 7200 | Jé54 | .0620 162.8 106.5 | 1.Lh1L 91.5 L7.0 1486 91 210 |- ---{ 28.0 7540 1 1.82
80 .298 68001 .695] .05TL 163.6 113.7 |1.622 91.1 L3.8 556 1.0L 2o - ---] 3.0 75.8 2.22
90 377 ool .730% .0529 1644 120.0 |1.835 92.5 2.2 625 1.18 270 |- - --{ 36.0 78.2 2.50

Rediator C: I=in. hoxigpnul tubing, fin arrengemont, f = 0,678, A, = 2.72 8q ft; average over-all effectiveness = 0.977; pp = 87 1b/5u £t3
tp = 0,006 In.; D = f5-in. = 0.0069 £t; Sa/Sy = 3; pp = 53 1b/eu £t

percent)

1001 97,7
0.L00 6800 } 0,587 | 0.170 | ILT.5) 1LL.L 8L.7 §1.180 €6.8 Lé6.2 0.127 1.25 113 } 67 24.0 70.2 1.67
+353 6000 1! 6511 .154 ]150.0j1L46.6 95.4 §1.%95 61.7 38.0 186 1.46 131 | 78 28.0 66,9 1.94
328 5600 | .63} .14o 1151.7j1k8.2 | 102.8 |1.61L 61.5 35.0 556 1.67 19 | 89 31.8 67.2 2.22
.310 5300 .728 ] .130 |153.2{149.7 § 109.0 §1.8L40 .7 2L.0 625 1.88 168 | 100 35.6 70.0 2,50

vova
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TABLE I.- COMPUTED VALUES FOR SIX RADIATORS ‘
3 7 ' r ! ; . ,
N * : i »
ol Ny R Ny f_‘_ Ty=T | Tp- Tll Ap . : p i By _; L I ¢ Vi, | W, Py > * Py v,
Ra Op PV f ’
(*F) (o} } . ;
(.1?/“; ! (1b/sq ££) | (np) ' (£%) (cu £t) | (1b)] (1) | (hp) (hp) (cu £t)
ft/sec) i i ‘
(s) i { i
Radistor D: L in, hoxs\fonal tubing, fin arrangement, f = 0,71k, K, = 2.86 8q ft; average over-all effectiveness = 0.965; Pr = 87 lb/éu ﬁ;;
tg = 0,003 fn.; D = F-dn. = 0.0069 ft; Sa/S; = 35 pg = 27 1b/cu ft.
; 1 K {percent) | . : : i
; B 100.96.5 H N ' ; :
60 3 0.380 8400 {0.588 { 0,162 TIB.BIIL3.8 8l 11,176 | 6.2 } Lh22 i o017 ) 1.25 % 113 %_35 19.6 61.8 1.66
70 .3%9 5800 | 6501 .147 | 150.8{1L5.5 9h.6 11.359 | 55.4 3h.é 1 LB6 : 1.6 1131 f 39 | 22.8 57.4 194
80 317 51;004 861 172 j152.7{147.h | 101.1 [1.570 55.9 32,6 ¢ .556 ¢ 1.67 i1lg: L § 26.0 58.6 2,22
90 1 .29 5300 { 722} .123 | 15L.2f1k8.8 | 107.L §1.772 | 56.0 30.8 . .625 , 1.88 | 168 i 50 § 29.2 60,0 2.50
] ? | ’ i : ]
¥ .
Radiator E: f-in. hexagonal tubing, fin arrangement, f = 0.848, A, = 3,40 sq ft; average over-all effectiveness = 0.900; p, = L2 lb/e\g ft;
te = 0.012Mn.; D = E-in. = 0.0208 ft; S,/5; = 3; fy = 0.90L; pp = 18 1b/eu £t .
H i (percent) ] ; i § :
é 1 1y 100;90'06 6&2{ 66&3 11.8 381;;083 1 3,01 "nlésb, 2lst3‘k 63.2 3.34
0 § 0.l 21,500 ; 0.499 j 0.212 {112.97128, o2 {04 : . LoToo. i 3 ] £ 8 % 2 .
go ;ng 17,600 .50h{ .180 |146.81%.1 78 | .8l g 35.5 26,8 * 1.0L i 3,77 §163;,: 67 £ 30.8 | 57.6 L.16
60 299 {15,300] .670{ .16é0 1&9.2}13&.5 90.0 {1.030 ;i 22,8 21,6 { 125 | L.52 :19“ ; 80 § 36.6 58.2 5.00
70§ 272 {13,90] .733{ .19 150.75135.6 99.5 31.231 § 2.2 119.2 0 LL6 ; 5.27 (226 1 9L £ l2.6 ] €L.8 5.84
) 1 . H i ) H i : ) ‘
2 - Ay = 3. ; -all effectivensss = 0.936; p. = 65 1bfou f£t;
diator F: &-in. hexagonal tubing, fin arrangement, f = 0,751, %o 3.00 sq ft; average over-all effe 3 Pr
Ratfa=°6.00395an§ o.oghs in.; D = 0.0066 ft; S¢/Sy = L.73; £y = 0.8205 g, = L7 1bfeu ft
7 (percent) ! i : } T ! : ; £
i 10079%.6 i : : 3 3 i i i i
6 § 0.370 [ 6000 1 0,647 1 0.273 Tzs‘.g'f-lm_é'. ~1 82.3 i1,187 | 58.0 ¢ L1.9 ! 0.396 | 1.30 E 8y } 59 i 19.2 | 61.1 ; 1,58
70 336 | 5hoo} L7091 .255 §137.8:129.0 91.5 ?1.&97 i 56,7 1 37.2 3 62 1 1,52 1 99 % & } 22.4 § 59.6 i 1.85
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Figure 7.- Friction data taken from reference 2.
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